Both Increased and Decreased Platelet Adhesion to Thermally Injured Subendothelium Is Caused by Denaturation of von Willebrand Factor C onventional percutaneous balloon angioplasty is limited in its success by acute thrombotic occlusion and long-term restenosis. Both complications are attributed to the arterial wall injury provoked by balloon dilation. ' Recently, several new angioplasty methods have been developed that deliver heat during recanalization. Some, like the laser balloon, deliver heat as an intentional mechanism to seal dissections and tears in the arterial wall; others deliver heat as a side effect. Recently, the pulsed excimer laser has also been shown to produce heat during recanalization. 2 The effect of heat delivery during angioplasty on thrombogenicity and on restenosis is not well known.
Removal of the endothelial cells during an intervention results in exposure of adhesive proteins to the flowing blood and subsequent platelet adhesion.3,4 Of the adhesive proteins in the subendothelial matrix, von Willebrand factor, fibronectin, and collagens are considered to be the most important with respect to platelet adhesion under flow conditions.5-7 Among the collagens, reactivity has predominantly been ascribed to collagen types I and III. 7 Adhering platelets initiate coagulation and clot formation and may lead to thrombotic occlusion.8 Platelet adhesion and activation are also involved in restenosis through release of mitogens and chemotactic agents that regulate smooth muscle cell migration and proliferation.1 '8-12 Recent experimental evidence indicated that thermal damage of the arterial wall reduces the thrombogenicity of the vessel wall.'3-'5 We confirmed this observation for human subendothelium at temperatures in excess of 70'C.15 Few 20 However, an increased restenosis rate was found and tentatively attributed to excessive thermal damage of the arterial wall.18 Lowering temperature by reduction of laser dose might reduce the proliferative healing response.
To find the temperature at which platelet adhesion is reduced by 50% or more, we constructed a device capable of creating a constant temperature gradient from 30'C to 1000C over 18 mm. With this device, we briefly heated the subendothelium of cultured endothelial cells and studied platelet adhesion under flow conditions. To investigate which adhesive proteins are involved in the temperature-dependent platelet adhesion, we determined platelet adhesion to heat-damaged purified von Willebrand factor, fibronectin, and collagen types I and III.
Methods

Heating Device
A heating device was developed to apply a linear temperature gradient from 30WC to 1000C in one direction over a glass coverslip of 18 x Sodetz and colleagues.24 von Willebrand factor was coated on glass coverslips by incubation for 1 hour at room temperature with purified protein suspension (10 ug/mL or 5 ,ug/mL). The coverslips were stored overnight in phosphate-buffered saline at 4°C.
Fibronectin was purified from normal human plasma by affinity chromatography,25 sprayed on the glass coverslips in a final density of 20 pUg/cm2, and stored overnight at room temperature.
Purified human placenta collagen types I and III (Sigma, St Louis, Mo) was dissolved in 50 mM acetic acid and sprayed onto the glass coverslips with a retouching airbrush (Badger model 100 IL, Badger AirBrush Co, Franklin Park, Ill), connected to a nitrogen cylinder operating at an overpressure of 1 atm. 26 The protein droplets dried instantly on the glass surface at room temperature resulting in a final density of 30 1g/cm2.27 The coverslips were stored overnight at 4°C.
To study the effect of heat on a combination of proteins on platelet adhesion, collagen type III was incubated for 1 hour before heating with normal human plasma, 1% human albumin in phosphate-buffered saline (HAS), purified von Willebrand factor (10 ug/mL), or fibronectin (200 ,g/mL) at physiological concentrations. Heating the Reactive Surfaces
The glass coverslips with the reactive surfaces were mounted on the stainless-steel hot template for 15 seconds, with a droplet of phosphate-buffered saline on top to prevent dehydration. A subset of experiments was performed with 30 seconds' heat exposure. After heating, the surfaces were incubated for 1 hour with 1% HAS at room temperature.
The glass coverslips were stored in phosphate-buffered saline at room temperature for perfusion experiments the same day.
De-endothelialized umbilical artery segments were separately heated for 15 seconds by immersion in heated phosphate-buffered saline. After heating, the vessel segments were stored in phosphate-buffered saline at room temperature.
Perfusions
Blood from healthy human donors was collected in 1:10 vol:vol 110 mM trisodium citrate (pH 7.4) and kept at room temperature.
Coverslips were perfused in the rectangular perfusion chamber, described by Sakariassen and colleagues.28 Two plugs were mounted in the perfusion chamber. 25 One plug contained a coverslip with a heated reactive surface, whereas on the other a nonheated control coverslip was mounted. The heated reactive surface was mounted in the perfusion chamber with the applied temperature gradient (y axis) parallel to the blood flow.
Umbilical artery segments were perfused in a double annular perfusion chamber, as originally described by Baumgartner.29 The perfusions were preceded by 30 (Fig 1, top) . Because heated coverslips were positioned in the perfusion chamber with their temperature gradient parallel to the blood flow, we corrected for this axial-dependent platelet adhesion by subtracting each integrated optical density in a given position on the control coverslip from the integrated optical density in the corresponding position of the simultaneously perfused heated coverslip (Fig 1, bot van Mourik, CLB, Amsterdam). The coverslips were washed twice with phosphate-buffered saline and incubated with 75 puL peroxidase-conjugated rabbit anti-mouse immunoglobulin G (Dako, Glostrup, Denmark) diluted 1275-fold with 3% bovine serum albumin. After 1 hour, the coverslips were washed and developed for peroxidase activity with 200 gL 1,2-phenylenediamine (0.5 mg/mL in 50 mM citric acid, 100 mM Na2HPO4, pH 5.0, 0.015% H202). The enzyme reaction was stopped with 50 AL 2 N H2S04, and the absorbance at 490 nm was measured.
Statistical Analysis
Values are expressed as mean±SEM. Differences between the mean temperature of eight heating experiments at various x (perpendicular to flow) and y (parallel to flow and temperature gradient) positions were tested by ANOVA. Differences between the integrated optical densities at the 370C positions of simultaneously perfused heated and control coverslip were evaluated using the Student's t test for paired samples.
To calculate the temperature at which platelet coverage is decreased with 25%, 50%, and 75% of the 370C value, the corrected integrated optical density curves were fitted with a four-parameter logistic model using SIMPLEX as a nonlinear least-squares curve-fitting routine, available in the computer program NONLIN. Differences in integrated optical density between these 25%, 50%, and 75% points with the 370C control were tested by the Student-Newman-Keuls test. A significant maximal adhesion at a specified temperature was calculated by ANOVA. A value of P<.05 was accepted to represent a significant difference between control and treated samples. An S-shaped decrease in platelet coverage was found with increasing temperature (Fig 3) . After 15 seconds' heating, 5 minutes' perfusion time, and correction for the axial-dependent platelet coverage, a 25%, 50%, and 75% reduction in platelet coverage Increasing the perfusion time to 10 and 30 minutes did not change the adhesion pattern. A similar S-shaped decreasing adhesion with increasing temperature was observed after 10 and 30 minutes' perfusion. Although after longer perfusion times the absolute platelet adhesion was higher at all temperatures, platelet adhesion relative to the 370C position did not change after 10 or 30 minutes. Absolute platelet adhesion at 370C after 30 minutes' perfusion was 100%. At temperatures of more than 80WC, platelet adhesion was still decreased by 85%.
Umbilical artery segments. Platelet coverage at 370C was 30+5% (n=4, Fig 4) . At a temperature of 55'C, platelet adhesion was significantly increased to 54±6% (n=4, P<.05). A further increase of the temperature resulted in a gradual decrease in platelet adhesion. A significantly reduced platelet coverage of 25%, 50%, and 75% was observed at temperatures of 71±20C, 74±10C, and 77±10C, respectively. After exposure to temperatures of more than 80WC, platelet adhesion was decreased to a coverage of less than 3%.
von Willebrand Factor. Platelet coverage to thermally injured purified von Willebrand factor, incubated at a concentration of 10 ,ug/mL, resulted in a similar S-shaped decreasing platelet coverage curve with increasing temperature, as observed with the extracellular matrix of cultured endothelial cells (Fig 5a) . Control platelet coverage at 370C was 29±3%, and a decrease in platelet coverage compared with the control of 25%, 50%, and 75% was found at temperatures of 66±20C, 72±1C, and 79±1C, respectively (n=9). Platelet coverage at 66±20C was significantly lower than the 370C control (Student-Newman-Keuls test, n=9, P<.05). No increase in platelet coverage was observed at any temperature.
Incubation of von Willebrand factor in the lower concentration of 5 ,ug/mL, in contrast, resulted in a significantly increased adhesion from 24±2% to 32±2% at a temperature of 58±20C (P<.05, n=11), whereas platelet adhesion decreased with further increasing temperatures (Fig Sa) . The maximal adhesion was slightly higher than the maximal adhesion of the 10 ,ug/mL coated von Willebrand factor, probably because the experiments were performed with blood from other donors.
Fibronectin. Platelet coverage to fibronectin at 370C was 8+3% (n=7). No effect of temperature on platelet coverage to fibronectin was found (Fig Sb) . collagen type I (n=7). Purified adhesiveproteins were applied on glass coverslips and heated for 15 seconds; after 1 hour of 1% HAS incubation, they were perfused with whole blood for S minutes at a shear rate of 1600 s'. Platelet adhesion (mean +SEM) was expressed aspercent ofthe surface covered with platelets.
Collagen types III and I. At 370C, platelet coverage to collagen type III was 26±3% (n=7). Platelet coverage was significantly increased between 470C and 83WC with maximal coverage of 34±4% at 62±20C (Fig Sc) .
Platelet coverage to collagen type I was virtually absent with a control coverage of 0.10.1% (n=7). A significant increase in platelet coverage was found at temperatures of more than 480C with maximal coverage of 11±4% at 58±30C (Fig 5, d) .
Preincubation of collagen type III. Preincubation of collagen type III with von Willebrand factor (Fig 6, a) resulted in an initial control coverage of 25±2% and a maximal platelet coverage of 29±3% at a temperature of 50±20C (n=9, P<.05 to control 370C, StudentNewman-Keuls). At higher temperatures, platelet coverage decreased to an adhesion of 16±3% at 90MC. 4 Absorbance at 490 nm, expressed as percent of the 37TC control (n=3).
When collagen type III was preincubated with plasma (Fig 6, b) , control platelet coverage was 26+3%, and a significantly higher coverage of 37+7% was found at 48±20C (n=6). At 900C, platelet coverage was decreased to 13±4%.
Incubation with albumin (Fig 6, c) resulted in a control coverage of 26±8% and maximal coverage of 28±7% at a temperature of 46±1MC (n=4). Platelet coverage decreased at higher temperatures with a coverage of 19±6% at 90'C.
After preincubation with fibronectin (Fig 6, d) , no difference in the control coverage of 26±4% (n=5) was observed with increasing temperature.
von Willebrand Factor Determination
The similarity between the temperature effect on adhesion to purified von Willebrand factor and endothelial cell matrix suggests that heat-dependent denaturation of von Willebrand factor in the matrix is responsible for the decrease in adhesion. To document this further, we studied the change in antigenicity of von Willebrand factor at 37, 55, 70, and 900C for an antibody CLB-RAg:35 directed against the glycoprotein Tb-binding site on von Willebrand factor (n=3 for each temperature). The binding of this antibody to purified von Willebrand factor and the subendothelial matrix was increased at 55°C and decreased at 70 and 90°C. These changes were similar for both surfaces (Table 2) . Discussion In this study, we investigated the effect of heating the subendothelium on its reactivity for platelets under flow conditions. In addition, we studied which adhesive proteins accounted for the temperature-dependent decrease in platelet adhesion.
The principal findings of this in vitro study are that (1) after exposure of both ex vivo or cultured human subendothelium to temperatures exceeding 71°C, platelet adhesion is significantly reduced. After exposure to temperatures of more than 80°C, 15% or less of the initial adhesion remains; (2) after exposure of umbilical artery subendothelium to about 55°C, a significantly increased platelet coverage is observed, whereas no change in adhesion was found at the cultured endothelial cell matrix exposed to this temperature; and (3) the temperature-dependent platelet adhesion to heat-exposed subendothelium corresponded to the temperature-dependent platelet adhesion as well as antibody binding to heated von Willebrand factor. umbilical vein endothelial cells exposed to discrete temperatures in steps of 10°C. To determine platelet coverage to the endothelial cell matrix with an improved temperature resolution in the range of 30 to 100°C and within one sample, we used a special heating device. The heating device produced a reproducible and linear temperature gradient over 18 mm (width of the coverslip) between 30 and 100°C, as was shown by thermocouple measurements and thermocamera pictures.
Perfusion studies with the rectangular perfusion chamber demonstrated that the matrix of endothelial cells is a representative model for the vessel wall.5,32 In the present study, we observed a consistent decrease in platelet coverage in the nonheated endothelial cell matrix from the upstream position to the downstream position. This dependency of platelet adhesion on the position, relative to the flow, was most prominent with endothelial cell matrix and purified collagen as substrata for platelet adhesion and has been ascribed to collagen.33 For technical reasons, the direction of the temperature gradient over the reactive surface was parallel to the flow. The flow-dependent fall in platelet adhesion, parallel to the applied temperature gradient, compelled us to compare platelet coverage between heated and control coverslips positionwise. Platelet coverage at the 37°C positions of simultaneously perfused heated and control coverslips were similar, allowing a paired analysis of platelet coverage at each position of the control and the heated matrix.
In these experiments, we focused on regional differences in platelet coverage and opted to analyze the entire coverslip macroscopically. In a subset of experiments, we determined platelet adhesion both microscopically, electing regions of interest randomly, and macroscopically. The two methods correlated well (Fig  2) . The macroscopically measured integrated optical density values could accordingly be converted to platelet coverage.
To define the optimal temperature for thermal angioplasty methods, the effect of heat on sealing tears and dissection in the vessel wall should be considered as well as thrombogenicity. From the results of Jenkins and colleagues16 it can be concluded that between a temperature of 80 and 89°C, thermal welding was initiated.
The results from the present in vitro study show that platelet adhesion was strongly dependent on the temperature to which the subendothelium had been heated, even after short heat exposure of 15 seconds.
Platelet coverage to the subendothelial matrix of cultured endothelial cells decreased abruptly between 69°C and 72°C (Fig 3) . Temperatures of more than 80°C did not reduce platelet coverage any further. Platelet coverage to a 30-second heat-exposed endothelial cell matrix was not different from a heat exposure time of 15 seconds. Prolonging the exposure time is not likely to produce different results. Increasing the perfusion time did result in a similar adhesion pattern, although absolute platelet adhesion was increased at all temperatures. Platelet adhesion was still decreased by 85% at 80°C after 30 minutes' perfusion time.
Platelet adhesion to normal everted umbilical artery segments under well-defined flow conditions in the Baumgartner perfusion system provided a convenient model to determine platelet adhesion to genuine vascular subendothelium.34 Similar to cultured subendotheIn a previous study,'.5we determined platelet coverage to the extracellular matrix of cultured human by guest on April 18, 2017 lium, an abrupt decrease in platelet adhesion was observed near 70TC (Fig 4) . However, in contrast to cultured subendothelium, heating the subendothelium of umbilical artery segments to a temperature of 550C resulted in an increased platelet adhesion. At a temperature of more than 80'C, platelet adhesion was decreased to a coverage of less than 3%.
To achieve both tissue welding and reduced thrombogenicity, thermal angioplasty should therefore aim at a vessel wall temperature of at least 800C.
The mechanism responsible for the reduction in platelet adhesion to the thermally injured vessel wall has not been established, but denaturation of adhesive proteins is a likely cause of the observed effects.153536 The present study shows that denaturation not of collagen or fibronectin but rather of von Willebrand factor is responsible for the temperature-dependent decrease in platelet adhesion.
von Willebrand factor plays an important role in platelet adhesion to the subendothelial matrix.37 A similar reduction in platelet adhesion to heated von Willebrand factor was observed as with the endothelial cell matrix. The parallelism in temperature dependent platelet adhesion to the heated endothelial cell matrix and purified von Willebrand factor suggested a prominent role of von Willebrand factor in the observed decreased platelet adhesion to the thermally injured endothelial cell matrix. This hypothesis was substantiated by the observation that the antigenicity of von Willebrand factor was similarly changed after heating both the endothelial cell matrix and purified von Willebrand factor, indicating that heat-dependent denaturation was similar on both surfaces. The antibody binding, however, did not correlate with the temperaturedependent platelet adhesion at 550C to the endothelial cell matrix and to von Willebrand factor. Platelet adhesion to 55°C heated endothelial cell matrix and to von Willebrand factor was not increased despite the increased number of epitopes for the monoclonal antibody against the glycoprotein Ib-binding site on von Willebrand factor. We hypothesized that on the heated endothelial cell matrix and on heated von Willebrand factor (10 ,ug/mL), von Willebrand factor-dependent platelet adhesion was already maximal and could not increase further because of, for example, steric hindrance. Increasing the possible binding sites in the subendothelium by thermal injury will not increase platelet adhesion, whereas a decrease will result in a decreased adhesion. This hypothesis is supported by an increased platelet adhesion to purified von Willebrand factor applied in the lower concentration of 5 ,ug/mL. A significant increase in platelet adhesion was observed after heating to a temperature of 59°C. The maximal adhesion was slightly higher than the maximal adhesion of the 10 ug/mL coated von Willebrand factor, probably because the experiments were performed with blood from other donors. Taken together, the results suggest a prominent role of von Willebrand factor in the temperature-dependent changes in platelet adhesion to heated subendothelium. An increase in adhesion at temperatures around 550C is the result of an increase in epitopes for glycoprotein Ib-dependent platelet binding, provided that the concentration of von Willebrand factor is low. The decrease in adhesion at higher temperatures is the result of further denaturation with loss of glycoprotein Ib-binding sites.
The results of the temperature dependency of platelet adhesion to the endothelial cell matrix are in agreement with previous reports in which platelet adhesion is significantly reduced after (laser) thermal heating of the arterial wall. '3-15,35,38-40 However, in a previous study, we showed that a reverse effect is possible as well. Platelet adhesion to heated subendothelium was almost absent at 100°C, whereas a temperature of 55°C resulted in a slight but significant increase in platelet adhesion. 15 The previous finding of an increase in platelet adhesion to the subendothelial extracellular matrix at 55'C'5 could not be reproduced in this study. The absence of the increased platelet adhesion to the endothelial cell matrix at 55°C might be attributed to differences in matrix composition as a result of variations in culture conditions of endothelial cells. In view of the increased antigenicity of von Willebrand factor and the increased platelet adhesion at low von Willebrand factor coating concentration at 55°C, it is likely that in the present study the amount of von Willebrand factor in the cultured endothelial cell matrix was sufficient for optimal platelet adhesion.5 It is possible that in the former study,'S due to culture variations such as other batches of serum, the total amount of von Willebrand factor was lower and that under these conditions increased reactivity resulted in increased adhesion. Repeating the former experiments, in which the endothelial cell matrix and umbilical artery segments were immersed in a heated salt solution, again resulted in an increased adhesion to the umbilical artery segment around 55°C, whereas no increased adhesion to the endothelial cell matrix was observed (matrix data not shown). This supports the assumption that the matrix composition is altered.
No influence of heat on the reactivity of fibronectin for platelets was found. Control platelet adhesion was low on account of its preference for shear rates less than 800 S-1,41 whereas in this study, the applied shear rate was 1600 s-1.
Heating collagen types I and III resulted in a significantly increased platelet adhesion from control to a maximal platelet adhesion at 57±2°C and 62±20C, respectively (Fig 5, d and c) . The observation of increased platelet adhesion to 55°C heated collagen is of importance since collagen is abundant in the vessel wall and in atheroma.42-45 Collagen types I and III are codistributed in the thickened intima44 and will be exposed after slight injury. In the progression of atherosclerotic lesions, an increase of the type I-to-type III collagen ratio is observed.44 The importance of the two separate collagens is difficult to demarcate, since initial low adhesion to collagen might result in granule release of nonadhering platelets and subsequent aggregate formation.46 Absolute adhesion to collagen type III was higher at all temperatures, whereas the increase in adhesion after heating was relatively more for collagen type I than for collagen type III. The higher initial platelet adhesion to collagen type III is in agreement with previous studies7"25 in which platelet deposition to nonfibrillar collagen type III resulted in a higher adhesion than to collagen type I. The relatively low initial adhesion to both collagens might be due to the nonfibrillar conformation of the isolated collagens7 or to the absence of an association of collagen with other components of the vessel wall. Although at higher temperatures platelet adhesion to collagen decreased, this decrease was less explicit than with subendothelium and did not result in a coverage below the control adhesion.
The discrepancy between the temperature-dependent decrease in platelet adhesion to the subendothelial matrix (Fig 3) in which collagens are present and to the purified collagens may be explained by the interaction of collagen with other proteins. Previous observations in which increased thrombogenicity of denuded subendothelium was observed when various proteins were removed by chymotrypsin treatment47 point in this direction. 7 The present experiments with preincubation of collagen type III with plasma, von Willebrand factor, fibronectin, and albumin support this hypothesis.
Clinical Implications
To initiate tissue welding by thermal balloon angioplasty16,48,49 and to reduce thrombogenicity to a platelet coverage of less than 10% of the surface area, a vessel wall temperature of at least 80TC is warranted. Our data indicate that the reduction of thrombogenicity at this temperature is effected in a period as short as 15 seconds. However, at the proximal and distal ends of the heated segment, the vessel wall will be subjected to temperatures in the 550C region with the potential hazard of increased thrombogenicity, which might offset the potential benefits of thermal balloon angioplasty.
Conclusions
From this study, we conclude that platelet adhesion to the human subendothelium is reduced by more than 50% after heating it briefly to more than 720C. Temperatures in excess of 80WC reduce platelet adhesion by more than 85%. Thermal denaturation of von Willebrand factor is responsible for the reduced thrombogenicity. However, thermal denaturation around 550C of low concentrations of von Willebrand factor and from 50 to 80WC of purified collagen types I and III resulted in augmented platelet adhesion. von Willebrand factor plays a prominent role in the temperature-dependent biphasic changes in platelet adhesion to heat-injured subendothelium.
